Introduction
Inland deposition of sea salt is an important ecological factor in forests and other vegetation in coastal areas. Sea salt aerosols generated from breaking waves in strong winds are transported inland, and deposited by precipitation and dry deposition. In Europe, the annual deposition of chloride varies between about 100 kg ha -1 in many coastal areas and 1 kg ha -1 in continental areas (Eriksson, 1960) . The slope of this gradient varies with topography; in Norway the mentioned levels are found along the western coast and east of the mountain chain, respectively (e.g. Solberg et al., 1997; Aas et al., 2000) .
Occasionally, the dry deposition of marine aerosols may cause scorching damage to tree foliage, due to direct uptake of chloride into the leaves. Such damage has been reported from many countries, e.g. Denmark (Dragsted, 1979; Saxe, 1993; Hansen et al., 1998) , Sweden (Franzén, 1990; Gustafsson, 1997) , Finland (Pyykkö, 1977) , Great Britain (Edwards and Holmes, 1968) , Italy (Busotti et al., 1995) and Australia (Dowden and Lambert, 1979) . Damage from direct leaf uptake of chloride is also well 
Summary
Several strong westerly storms hit western Norway during the winter of 1986/87. We studied the uptake, loss and visible effects of sea salt aerosols in Scots pine and Norway spruce. Foliage was sampled at distances 0-100 km from the coastline between 59º and 65ºN, and analysed for chloride, sodium and other elements. The range of chloride and sodium concentrations in needles was 0.5-5.0, and 0.1-3.0 mg g -1 , respectively. The local variation was very large close to the coast. The relation to distance from the sea was improved by using distance from the nearest fjord rather than from the outer coastline. Other elements were less variable and not related to distance from the sea, or to sea salt concentrations. Only 1-10 per cent of the needles' sea salt content could be removed by 2 min washing in distilled water, and even less for other elements. The amount of sea salt removed by washing was less related to distance from the sea than was the total content. Visible damage to the foliage occurred at chloride concentrations above 1 mg g -1 in the needles. Our conclusions are that analysis of the needles' chloride or sodium content is a robust method for confirming damage to tree foliage by sea salt aerosols. Fjords as well as the ocean are significant sources of sea salt aerosols. Large local variations in salt deposition and damage will occur near a rugged coastline. Nutrients and other elements are not significantly affected by the sea salt deposition. The use of chloride or sodium as a tracer for dry deposition should take into account not only the enrichment of these elements in canopy throughfall, but also the accumulation in the needles. documented in connection with cooling tower drift (McCune et al., 1977) , irrigation with saline water (Benes et al., 1996) and road salting (Dobson, 1991; Dragsted, 1996) .
In Norway, leaf damage from sea salt is often seen after 'dry' westerly storms, i.e. storms not accompanied by heavy rainfall that could wash off the salt before it is absorbed (Horntvedt and Aamlid, 1989; Solberg et al., 1994; Aamlid, 1995; Roll-Hansen et al., 1997) . However, the time lapse between a storm and the occurrence of visual damage varies. Damage may appear a few days after a summer storm, but it may take a month or more before damage becomes visible following winter storms. At this time, sea salt damage may be confused with various other sorts of abiotic damage, such as frost and frost drought. An important question is then to what degree the absorbed chloride (and sodium) can be leached from the leaves before damage becomes visible, leaving no trace of the causal agent.
A better understanding of the dynamics of uptake and leaching in leaves is also desirable when using chloride or sodium in canopy throughfall as a tracer for dry deposition (Solberg et al., 1997) .
Heavy westerly storms hit western Norway in December 1986 and in January 1987. A survey was started in January to elucidate the following topics:
1 the variation of sea salt elements in needles with distance from the coast. 2 the proportion of the deposited sea salt left on the surface of the needles and easily washed off. 3 the relationship between needle damage and chloride content. 4 the relationship between sea salt and other elements in the needles.
Materials and methods
Local forest officers selected four or five sampling sites at 0-100 km distance from the coast in each of the counties of Rogaland, Sogn og Fjordane, Møre og Romsdal and Nord-Trøndelag. The sites should preferably be exposed to the west and situated in younger stands of Norway spruce mixed with Scots pine, or at least with Scots pine in the vicinity. However, at the westernmost site in Rogaland only Scots pine was available, and at the sites in Nord-Trøndelag there was only one species (pine or spruce) at each site. The first sampling was done on 21-22 January 1989. Each sample consisted of the two last annual shoots (1988 and 1987) of three westfacing branches at the 7-10 whorl from the top of each of four trees of each species. The samples were wrapped in paper bags.
In the laboratory, the samples were separated into first-year and second-year shoots. The shoots were washed for 2 min in 100 ml of distilled water in a 200 ml glass beaker supplied with a magnetic stirrer. Then they were carefully lifted and shaken so that adhering water dripped into the beaker. The water was analysed. The shoots were dried in paper bags, and the dry needles were weighed and analysed. A total of 62 samples were washed. Their needle dry weight varied from 2.2 to 16.6 g, on average 7.2 g. The needle weight of pine samples was somewhat larger than that of spruce samples (8.4 and 5.3 g, respectively). The amount of elements washed off was expressed as weight per dry weight of needles, and as percentage of the needle content.
The second sampling was done between 22 April and 3 May 1989, which was before bud burst. At that time, scorching damage was visible at many sites. Prior to branch sampling, the proportion of damaged foliage was assessed. The same sample sites and trees as in the first sample run were used. If all sample trees were damaged, an additional sample was collected from undamaged trees in the vicinity. The second sampling did not include washing of the needles.
The two samplings comprised 150 needle samples in total. Chemical analysis of needles and water was done at the Norwegian Forest Research Institute using methods described by Ogner et al. (1984) .
Statistical analyses included correlation and regression analysis and analysis of variance. Correlation analysis included a visual inspection of scatter plots to ensure that a significant correlation was not merely a result of one or two extreme pairs of values (cf. Innes, 1995) .
Results

Time of sampling, tree species and needle age
The total variation among the samples differed significantly between elements. The coefficient of variation was ~100 per cent for sodium, chloride, barium, manganese and strontium. The smallest variation, between 15 and 20 per cent, was found for sulphur, nitrogen, magnesium, phosphorus, potassium and copper.
The main effects and two-factor interactions between time of sampling, species, and needle age class on elemental concentrations were tested by analysis of variance. Significant main effects and some interactions are commented upon below. In general, there were few significant interactions.
In April the concentrations of nitrogen, potassium, phosphorus and sulphur were 92, 91, 90 and 96 per cent, respectively, of the values found in the January samples. The other elements did not vary significantly between sampling dates.
The concentrations of nitrogen, phosphorus, sulphur, aluminium, iron, zinc and copper were 113, 112, 111, 200, 150, 130 and 123 per cent, respectively, in pine compared with spruce. Pine had lower concentrations of potassium, calcium, magnesium, manganese and barium. Compared with spruce, the values were 89, 67, 94, 56, 29 and 10 per cent, respectively. The concentrations of sodium, chloride and boron were not significantly different in pine and spruce.
Second-year needles had about 90 per cent of the first-year's concentration of potassium, phosphorus, magnesium and copper. Second-year needles had higher contents than first-year needles of calcium, aluminium, iron and zinc; the proportions were 137, 186, 150 and 130 per cent. The other elements did not vary significantly between needle years, but for sodium and chloride there were interactions with tree species. First-year pine needles had 166 per cent of the chloride and 233 per cent of the sodium content compared with second-year needles, whereas the figures for spruce were 84 and 80 per cent, respectively.
A summary of element concentrations, by tree species and needle year class, is given in Table 1 . The concentrations of the following elements were below the detection level (mg kg -1 ) in all samples: Cd (1), Co (1), F (2), Mo (6), Ni (6), Pb (6), Se (12) and Sn (11). These elements are therefore not included in Table 1 . Due to a nonnormal distribution of values for many elements, notably sodium and chloride, the median values are given in Table 1 .
Amounts removed by washing
Analysis of the washing water showed that chloride and sodium were the dominant elements ( Table 2 ). The sum of sodium and magnesium was approximately equivalent to chloride at all concentration levels. Concentrations of other elements are given in Table 2 , except for the elements where the concentration was close to, or below, detection limits (µg l -1 ): Al (10), B (10), Cu (10), Fe (10), Mn (10), P (50) and Zn (10). Table 2 also gives the amounts of elements washed off, calculated per dry weight of washed needles, and these amounts as a proportion of the needles' total content. On average, 2-3 per cent of chloride and sodium was removed by washing, and insignificant amounts of other elements. The maximum values were 12 and 20 per cent of chloride and sodium, respectively, and <1 per cent of the other elements.
Possible differences between tree species and needle years were tested by analysis of variance across all sites where both species were present. The amounts of both chloride and sodium removed by washing (mg kg -1 d.w.) was larger in pine than in spruce, but the differences were not quite significant (P = 0.11 for chloride and 0.06 for sodium).
The differences between needle years were not significant, and neither was the interaction species ϫ needle year. The amount of potassium removed was about twice as large in spruce compared with pine (P < 0.001), and twice as large in second-year compared with first-year needles (P < 0.001). The difference between needle years was larger in spruce than in pine (P = 0.01 for the interaction). The removal of the other elements was not significantly affected by tree species or needle year.
The amounts of chloride and sodium removed by washing were not correlated with the total contents of these elements in the needles.
Distance from the sea
The concentration of chloride in the needles varied significantly with distance from the coast. Statistic (mg/g) (mg/g) (mg/g) (mg/g (mg/g) (mg/g) (mg/g) (mg/g) (mg/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) A linear model gave R 2 = 0.17 (P = 0.02). The fit was improved by excluding one sample having an extremely high value of chloride (and sodium), and using log distance as independent variable (R 2 = 0.26, P = 0.004). A still better fit was obtained by relating chloride content of needles to log distance to the nearest fjord south or west of the sampling site (Figure 1 ). Sodium varied in a similar way to chloride. The other elements were not related to distance from the sea. The amounts of chloride and sodium removed by washing were not significantly related to distance from the sea. However, although both high and low values were found at sites 5 km or less from the sea, only low values were found at sites 40 km or further away.
Visible damage
Scorching of needles was observed in April at several locations along the coast. Pine and spruce were equally damaged. A plot of the proportion of damaged foliage at the original sites versus chloride content of needles indicates a threshold value of about 1 mg g -1 (Figure 2) . The corresponding value for sodium was 0.4 mg g -1 . The discrimination between sites with or without damage was equally good for sodium and chloride.
If all original sample trees at a site were damaged, an additional sample of undamaged trees was taken in the vicinity (<100 m away). Likewise, if no trees were damaged at a site, but damaged trees were observed nearby a sample was taken of these. These additional samples with or without damage confirmed the threshold values above.
Correlations
The concentrations of the analysed elements were correlated to various degrees. Pairwise Needle Cl (mg/g) Scorching damage (%) Figure 2 . Scorching damage versus chloride concentration in needles correlations were calculated separately for pine and spruce, but on values averaged over time of sampling and needle year class (Table 3) . The correlation between chloride and sodium were higher than between all other pairs of elements, and neither chloride nor sodium was correlated to any other element, including magnesium. The correlation between chloride and sodium also remained above 0.9 when certain extreme values were omitted. The contents of copper, nitrogen, sulphur and iron were correlated in both species. None of these correlations were due to a few exceptional pairs of values only.
Discussion
The study showed that the variation between sampling sites was much larger for chloride and sodium contents than for contents of other elements. This indicates that direct deposition of chloride and sodium on the tree crown and uptake in the needles is a major factor determining the needles' content of these elements. Despite a significant relationship to distance from the sea, the local variation in salt uptake was very large, especially near to the sea. This variation may be due to the rugged topography, creating local wind conditions and turbulence, so that 'distance to the sea' is an inadequate variable to describe exposure (Edwards and Holmes, 1968; Horntvedt and Aamlid, 1989; Gustafsson and Franzén, 2000) . Ebbesvik and Nygård (1990) sampled spruce needles along transects from the southern and south-eastern coastline of Norway, which is less split up by fjords, and found a closer relationship between needle sodium and distance from the sea.
The amounts and proportions of elements removed from the needles by washing were much larger for chloride and sodium than for the other elements. This indicates that, compared with other elements, larger proportions of chloride and sodium are present as soluble salts on the surface of the needles. On the other hand, the proportion of chloride and sodium washed off was small; 2-3 per cent on average. These values probably represent all that is present on the surface. Grattan et al. (1981) washed salt-exposed leaves in five consecutive baths of 30 s each. Almost all the chloride that could be washed off was found in the first bath. Diffusion through the cuticle takes a much longer time; Macklon and Armstrong (1994) found that leaching of chloride from Sitka spruce needles had a half-time of 20 min. Franzén (1990) washed samples of pine needles for 15 min and used the amount of salt removed as a measure of salt deposition across southern Sweden. The deposition during 'dry' westerly storms in 1983 and 1989 varied from 3000 mg NaCl m -2 of exposed needle surface in the west to 50 mg m -2 in the east. A recalculation of our data gives values varying from 3000 to 90 mg m -2 .
Our data are also comparable with net amounts found in throughfall on Norwegian monitoring plots. In 1995 the chloride content in throughfall minus rainfall on the 19 plots varied between 200 and 20 000 mg m -2 of ground area (Solberg et al., 1997) . Considering that these are annual values, and that leaf area in a dense forest stand can be up to 10 times the ground area, the two sets of data are in fair accordance.
Some studies indicate that large proportions of the salt can be removed by washing. However, in these experiments the leaves were washed immediately following salt exposure (Foster and Maun, 1980; Benes et al., 1996) . Different individuals without any training or calibration did the assessments of visual damage, so this may be a rough estimate. This may influence the relationship between damage and the needles' content of chloride or sodium (Figure 2 ). Despite this, a threshold value of ~1 mg Cl per g dry weight of needles, as found in other studies of sea salt impact as well as road salting (Hofstra and Hall, 1971; Horntvedt, 1975; Rasmussen et al., 1990; Solberg et al., 1994) , was confirmed by the present study.
This study gave no indication that sea salt deposition influenced the supply of elements other than chloride and sodium, in either a negative or a positive way. The absence of a coast to inland gradient for e.g. magnesium was unexpected, but in accordance with other studies (Ebbesvik and Nygård, 1990; Solberg et al., 1997) . The levels of boron were adequate at all sites and not excessive at any (Braekke, 1979; Kohmann 1997 ). An altered balance between potassium and sodium, or other soil effects, has been suggested to contribute to the decline of Norway spruce along the western coast of Denmark (Pedersen, 1993; Saxe, 1993) . In this study the levels of potassium were unrelated to sodium. The correlation between nitrogen and sulphur is well known, and caused by the fact that the supply of both elements relies on decomposition of organic material. The strong correlation between nitrogen and copper has been less well attended to. Copper is strongly adsorbed in organic soil (Barber, 1995) . High nitrogen supply through fertilization or atmospheric fallout could induce copper deficiency (Marschner, 1995) .
Since nitrogen is the dominant nutrient element in plants, and the element that most often limits tree growth in boreal forests, other elements are often presented as proportions of nitrogen. Table  4 gives a summary of the nutrient proportions in this study compared with values from a British study (Innes, 1995) . The levels of nitrogen were somewhat higher in the British study, and so were the proportions of potassium, sulphur, aluminium, iron, boron and copper. On the other hand, the proportions of calcium and magnesium were lower. These patterns could reflect differences in the deposition of anthropogenic pollutants in the two countries. 
